ABSTRACT
INTRODUCTION
Stick-slip is observed in many applications at low speeds [1] causing many troubles. In machine tools, stick-slip causes low accuracy and bad finish surfaces. In control systems, stick-slip causes steady errors in positioning tasks. Pneumatic cylinders offer advantages over other actuators as low cost or high/power ratio among others. Meter out circuits are broadly used since constant speed can be attained easily by adjusting the outlet speed control valve. However, the stick-slip effect limits the ability to achieve steady motion in applications where low speeds are required. This paper aims to cover below three topics on the stickslip motion in pneumatic cylinders driven by a meter-out circuit.
a) Friction measurements of cylinder driving at low velocities. b) Occurrence conditions of stick-slip motion. c) Influence of variables on stick-slip motion. Friction is an important parameter on stick-slip motion [2] .
However, only few papers show actual measurement of friction at low speeds [3] [4] . On the other hand, though Okabe et al. [5] studied the stick-slip motion, there is a problem in the method of the analysis, because the viscous frictional force is not included. Especially, occurrence condition and parameters that decide this are not clear. In this paper, simulation of stick-slip motion is carried out according to the friction characteristics found in the experiments. It is shown that stick-slip motion can be described by simulation with good accuracy. The occurrence conditions of stick-slip in pneumatic cylinders are studied analytically using dimensionless parameters. Through the dimensionless parameters, the influence of each variable on stick-slip motion is clarified. It can be seen in Fig.3 the Stribeck curves which are characteristic for lubricated sliding elements [2] . There are the same lubrication modes for all cases: boundary lubrication, mixed lubrication and elasto-hydrodynamic lubrication. Friction force during the three modes of lubrication has different characteristics. Each of them will be discussed. Boundary Lubrication: It is described by a maximum static friction force. Changes of maximum static friction force with time are not considered in this study. Table 1 shows values of the maximum static friction forces for the initial position Fo and for the first stick mode Fs1. Mixed Lubrication: As it can be seen in Fig.3 To derive dimensionless parameters, basic equations for the cylinder motion used in simulation are made dimensionless [6] . Otherwise, in the analysis, next fact is assumed for the simplicity. The charging side pressure does not change, because the impedance of restriction at charging side is bigger than it at discharging side in the meter-out circuit. Values at equilibrium condition for the discharge side are taken as reference values. Dimensionless equations for air mass flow equation and state equation considering adiabatic change becomes respectively: 2), neglecting volume change since velocity is small and neglecting the influence of temperature on the air mass flow since pressure drop is small, Eq. (6) is obtained: (6) From Eq. (3) and Eq. (5), velocity response can be described as a second order differential equation, ( 
From Eq. (13) and (14): CONCLUSIONS a) Stick-slip motion in a pneumatic cylinder driven by meter out circuit is studied through experiments and analysis. Friction force is measured and has the characteristics found in the different lubrication modes. b) It is found that the occurrence conditions of stickslip motion can be expressed in function of two non-dimensional parameters and that the minimum equilibrium velocity can achieve without stick-slip occurrence. c) Experimental results show that the non-dimensional parameters provide a good means to predict stick slip occurrence. The influence of each parameter of the system on stick-slip occurrence is clarified.
